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ABSTRACT Anaplasma phagocytophilum causes granulocytic anaplasmosis, a debili-
tating infection that can be fatal in the immunocompromised. It also afflicts animals,
including dogs, horses, and sheep. No granulocytic anaplasmosis vaccine exists. Be-
cause A. phagocytophilum is an obligate intracellular bacterium, inhibiting microbe-
host cell interactions that facilitate invasion can disrupt infection. The binding do-
mains of A. phagocytophilum adhesins A. phagocytophilum invasion protein A (AipA),
A. phagocytophilum surface protein (Asp14), and outer membrane protein A (OmpA)
are essential for optimal bacterial entry into host cells, but their relevance to infec-
tion in vivo is undefined. In this study, C57BL/6 mice were immunized with a cocktail
of keyhole limpet hemocyanin-conjugated peptides corresponding to the AipA,
Asp14, and OmpA binding domains in alum followed by challenge with A. phagocy-
tophilum. The bacterial peripheral blood burden was pronouncedly reduced in im-
munized mice compared to controls. Examination of pre- and postchallenge sera
from these mice revealed that immunization elicited antibodies against AipA and
Asp14 peptides but not OmpA peptide. Nonetheless, pooled sera from pre- and
postchallenge groups, but not from control groups, inhibited A. phagocytophilum in-
fection of HL-60 cells. Adhesin domain immunization also elicited interferon gamma
(IFN-�)-producing CD8-positive (CD8�) T cells. A follow-up study confirmed that im-
munization against only the AipA or Asp14 binding domain was sufficient to reduce
the bacterial peripheral blood load in mice following challenge and elicit antibodies
that inhibit A. phagocytophilum cellular infection in vitro. These data demonstrate
that AipA and Asp14 are critical for A. phagocytophilum to productively infect mice,
and immunization against their binding domains elicits a protective immune re-
sponse.
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Granulocytic anaplasmosis is an emerging human and veterinary infection that is
primarily transmitted by Ixodes species ticks, but it can also be acquired

through blood transfusion, perinatally, and possibly by exposure to infected blood
(1–8). The disease presents as an acute, nonspecific febrile illness accompanied by
chills, headache, malaise, leukopenia, thrombocytopenia, and increased levels of
serum transaminases. Potential severe complications include seizures, pneumonitis,
rhabdomyolysis, hemorrhage, shock, elevated susceptibility to secondary infection,
and death (4, 7). Most human granulocytic anaplasmosis (HGA) cases occur in the
upper midwestern and northeastern states, but its geographic range is expanding
(9). Moreover, even though nearly 6,000 HGA cases were reported in 2017 (https://
www.cdc.gov/anaplasmosis/stats/index.html), seroepidemiologic evidence indicates
that the actual annual incidence of HGA in the United States is likely considerably

Citation Naimi WA, Gumpf JJ, Green RS, Izac JR,
Zellner MP, Conrad DH, Marconi RT, Martin RK,
Carlyon JA. 2020. Immunization against
Anaplasma phagocytophilum adhesin binding
domains confers protection against infection in
the mouse model. Infect Immun 88:e00106-20.
https://doi.org/10.1128/IAI.00106-20.

Editor Guy H. Palmer, Washington State
University

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jason A. Carlyon,
jason.carlyon@vcuhealth.org.

* Present address: Jerilyn R. Izac, Department of
Microbial Pathogenesis, University of Maryland
School of Dentistry, Baltimore, Maryland, USA.

Received 12 May 2020
Returned for modification 10 June 2020
Accepted 2 July 2020

Accepted manuscript posted online 13 July
2020
Published

CELLULAR MICROBIOLOGY:
PATHOGEN-HOST CELL MOLECULAR INTERACTIONS

crossm

October 2020 Volume 88 Issue 10 e00106-20 iai.asm.org 1Infection and Immunity

18 September 2020

https://orcid.org/0000-0003-2778-5066
https://www.cdc.gov/anaplasmosis/stats/index.html
https://www.cdc.gov/anaplasmosis/stats/index.html
https://doi.org/10.1128/IAI.00106-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:jason.carlyon@vcuhealth.org
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00106-20&domain=pdf&date_stamp=2020-7-13
https://iai.asm.org


higher (10–15). The disease also occurs in Europe and Asia (4). Granulocytic anaplas-
mosis resolves when treated with doxycycline, but due to its nonspecific onset, it can
be difficult to diagnose at presentation when antibiotic therapy would maximally
prevent progression to severe complications (4, 7). Aside from minimizing one’s expo-
sure to tick-infested environments, there are no prophylactic measures for HGA, and a
vaccine has not been developed.

The etiologic agent of granulocytic anaplasmosis is Anaplasma phagocytophilum, an
obligate intracellular bacterium that infects neutrophils and bone marrow progenitors
(4, 7). A. phagocytophilum exhibits a biphasic infection cycle in which it cycles between
two morphotypes, an infectious dense-cored (DC) form that binds and induces its own
uptake into a host cell-derived vacuole, and a noninfectious reticulate cell form that
replicates within the vacuole to yield a bacteria-filled inclusion called a morula (16). Due
to its obligatory intracellular nature, adhesins that mediate binding to and invasion of
host cells are essential for A. phagocytophilum infection and survival. Three A. phago-
cytophilum adhesins that have been identified are outer membrane protein A (OmpA),
14-kDa A. phagocytophilum surface protein (Asp14), and A. phagocytophilum invasion
protein A (AipA) (17–19). All are present on the DC surface and are transcriptionally
upregulated during A. phagocytophilum host cell entry and during the tick blood meal
that transmits the bacterium to mammals (17–19). OmpA engages sialyl-Lewis x and
structurally similar �2,3-sialylated and �1,3-fucosylated glycans to mediate pathogen
binding and entry (18, 20). Asp14 is largely dispensable for cellular adherence but
interacts with host cell surface protein disulfide isomerase to exploit the enzyme’s thiol
reductase activity to induce bacterial invasion (17, 21). Similar to Asp14, AipA minorly
contributes to A. phagocytophilum adhesion but promotes bacterial uptake via a
receptor that remains to be identified (19). The adhesins’ functionally essential domains
have been delineated as linear stretches of 12 to 18 amino acids corresponding to
OmpA residues 59 to 74 (OmpA59-74), Asp14113-124, and AipA9-21 (19, 20). Antibodies
targeting any one of these domains reduces infection of myeloid host cells in vitro by
approximately 50%, whereas an antibody cocktail targeting all three impairs infection
by approximately 80% (20). The relevance of OmpA59-74, Asp14113-124, and AipA9-21 to
A. phagocytophilum infection in vivo is unknown.

In this study, immunization of mice against keyhole limpet hemocyanin (KLH)-
conjugated peptides mimicking the OmpA, Asp14, and AipA adhesin domains yielded
antibodies against Asp14113-124 and AipA9-21 that inhibited A. phagocytophilum infec-
tion of myeloid host cells and protected the mice against the bacterium’s ability to
establish a productive infection. The observed reduction in pathogen burden in mice
was more pronounced than that for tissue culture cells, which is likely attributable, at
least in part, to interferon gamma (IFN-�)-producing CD8-positive (CD8�) T cells elicited
by the immunization. Subsequent immunization against only Asp14113-124 or AipA9-21

also achieved partial protection. These findings reveal the importance of the Asp14 and
AipA adhesin domains to A. phagocytophilum infectivity in vivo and signify their
potential as protective epitopes.

RESULTS
Immunization of mice against A. phagocytophilum adhesin binding domains con-

fers partial protection against infection. To determine if the OmpA59-74, Asp14113-124,
and AipA9-21 binding domains are important for A. phagocytophilum infection in vivo and
to assess their potential as protective epitopes, C57BL/6 mice were immunized with a
cocktail of KLH-conjugated peptides corresponding to each domain in alum. The mice were
injected with A. phagocytophilum DC organisms, and the resulting bacterial load in the
peripheral blood was correlated with the immunization-induced immune responses. Figure
1 presents a schematic overview of the experiment. The five experimental groups, each of
which consisted of 10 mice, were (i) no immunization or bacterial challenge, (ii) no
immunization followed by A. phagocytophilum challenge, (iii) injection with alum followed
by A. phagocytophilum challenge, (iv) injection with KLH and alum followed by A. phago-
cytophilum challenge, and (v) injection with KLH-adhesin domain peptide cocktail in alum
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followed by A. phagocytophilum challenge (Table 1). The mice were boosted on days 21 and
42. On day 49, serum samples and spleens were recovered from all 10 and 3 mice per
group, respectively. On day 56, the remaining seven mice per group were intraperitoneally
injected with A. phagocytophilum DC organisms followed by assessment of the bacterial
peripheral blood burden using quantitative PCR (qPCR) and examination of blood smears
for the percentage of neutrophils harboring morulae. The A. phagocytophilum burden
peaked by day 12 and subsided to undetectable levels by day 28 in all mice that had been
inoculated (Fig. 2). Notably, however, both the A. phagocytophilum DNA load and percent-
age of neutrophils containing morulae were pronouncedly reduced in mice that had been
immunized with the KLH-adhesin peptide domain cocktail compared to the three infected
control groups. For instance, on day 12, the bacterial DNA load and number of infected
neutrophils were reduced by as much as 4.5- and 4.9-fold, respectively, in peptide cocktail-
immunized mice.

Asp14113-124 and AipA9-21 induce antibodies that inhibit bacterial infection of
host cells. To evaluate if the immunization procedure elicited antibodies specific for
the cognate antigens, day 49 prechallenge serum was used to screen enzyme-linked
immunosorbent assay (ELISA) plates that had been coated with KLH alone or uncon-
jugated OmpA23-40, OmpA59-74, Asp14113-124, or AipA9-21 peptide. OmpA23-40 served as
a negative control because it had not been used as an immunogen and plays no role
in A. phagocytophilum infection (20). Screening the plates with rabbit antisera specific
for each peptide or KLH alone verified that the plates had been properly coated with
each antigen (Fig. 3). Sera from mice that had been injected with KLH or KLH-
conjugated peptides recognized KLH (Fig. 3A). Sera from peptide cocktail-immunized
mice detected unconjugated Asp14113-124 and AipA9-21 peptides, but neither
OmpA59-74 nor OmpA23-40 (Fig. 3B to E). Serum samples from the four control groups

FIG 1 Experimental overview. Ten C57BL/6 mice per group were bled on day 0, and preimmune sera were collected.
Immunized mice received their first immunization via subcutaneous (s.c.) shoulder injection and two boosts on days 21 and
42. All mice were bled on day 49, and sera were collected to check for the presence of peptide-specific antibodies by ELISA.
Also on day 49, three mice from each group were sacrificed by cardiac puncture, and spleens were harvested for further
analysis via flow cytometry and T-cell restimulation. The remaining seven mice were challenged interperitoneally (i.p.) with
1 � 108 A. phagocytophilum (Ap) organisms on day 56. Mice were bled on days 4, 8, 12, 16, and 21 and sacrificed on day
28. DNA isolations and peripheral blood smears were used to analyze bacterial load via qPCR and microscopically examined
for neutrophils that contained morulae, respectively.

TABLE 1 Experimental groups used in immunization

Groupa Immunization Peptide(s) Infectionb

1 No immunization N/A No
2 No immunization N/A Yes
3 Adjuvant only N/A Yes
4 KLH plus adjuvant N/A Yes
5 KLH-conjugated peptide plus adjuvant OmpA59-74, Asp14113-124, AipA9-21 Yes
6 KLH-conjugated peptide plus adjuvant Asp14113-124 Yes
7 KLH-conjugated peptide plus adjuvant AipA9-21 Yes
aMouse immunization study 1 consists of groups 1 to 5. Mouse experiment 2 consists of groups 1 to 4, 6,
and 7.

bMice were challenged interperitoneally with 1 � 108 A. phagocytophilum organisms on day 56.
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that had not been immunized against the peptide cocktail failed to recognize any
peptide. Next, pre- or postchallenge sera from all mice per group were pooled and
examined for the ability to inhibit A. phagocytophilum infection of promyelocytic HL-60
cells. Only sera from the KLH-peptide-immunized mice significantly reduced the per-
centage of infected cells and the number of A. phagocytophilum-occupied vacuoles

FIG 2 Mice immunized against an adhesin domain peptide cocktail are resistant to A. phagocytophilum infection.
C57BL/6 mice that had been immunized against a cocktail of KLH-conjugated OmpA59-74, Asp14113-124, and AipA9-21

or mice of the indicated control groups were infected with A. phagocytophilum DC organisms. (A) Peripheral blood
drawn on the indicated days postinfection was analyzed by qPCR using gene-specific primers. Relative A.
phagocytophilum 16S rRNA genes (aph16S) to murine �-actin DNA levels were determined using the 2�ΔΔCT

method. (B) Peripheral blood samples were also examined by light microscopy for ApV-containing neutrophils.
Each symbol corresponds to the percentage of A. phagocytophilum-infected neutrophils as determined by
examining at least 100 neutrophils per mouse. Data are the mean � standard deviation (SD) of the percentages
determined for seven mice per group. Error bars indicate standard deviation among the samples per time point.
Statistically significant values are indicated. **P � 0.01; ****P � 0.0001.
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FIG 3 Immunization of mice against OmpA, Asp14, and AipA adhesin domains elicits antibodies against Asp14113-124 and AipA9-21 but not
OmpA59-74. Preimmune sera (white bars) and sera collected on day 49 (black bars) were added to wells that had been coated with KLH (A) or
unconjugated peptides corresponding to OmpA23-40 (B), OmpA59-74 (C), Asp14113-124 (D), and AipA9-21 (E). All sera were analyzed in triplicate via
ELISA. To verify that the wells had been properly coated with each antigen of interest, positive-control wells (�) were screened with rabbit
antisera specific for each antigen (gray bars). Absorbance was read at 405 nm 30 postaddition of chromogenic substrate. The dotted line in each
panel indicates two times the absorbance value obtained using preimmune serum.
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(ApVs) per cell (Fig. 4) Specifically, pre- and postchallenge sera recovered from peptide
immunized mice reduced infection by 41.7% and 25.0% and lowered the number of
ApVs per cell by 52.0% and 40.0%, respectively. These data establish that immunization
of mice against KLH-conjugated peptides mimicking the OmpA, Asp14, and AipA
adhesin domains specifically elicited antibodies against Asp14113-124 and AipA9-21, but
not OmpA59-74, and that said antibodies inhibit A. phagocytophilum infection of my-
eloid host cells.

Immunization of mice against the adhesin domains elicits IFN-�-producing
CD8� T cells. To assess the T-cell responses elicited by immunization, splenocytes
from three mice per group were recovered on day 49, pooled, and examined by flow
cytometry. Minor statistically significant reductions in the overall percentage of live
CD8� T cells were observed for the adjuvant-only and KLH-peptide cocktail plus
adjuvant groups (Fig. 5A). No statistically significant difference in the percentage of live
CD4� T cells was observed (Fig. 5C). The T-cell population was labeled with tracer dye,
restimulated with unconjugated adhesin domain peptide cocktail, and examined for
IFN-� production. A significant increase was observed in the percentage of IFN-�-
positive CD8� T cells from the spleens of KLH-adhesin peptide domain cocktail-
immunized mice versus those of the no-immunization and alum-alone control groups
(Fig. 5B). No difference was observed for IFN-�-producing CD4� T cells among the
groups (Fig. 5D). The lack of change in the percentage of live CD4� cells correlates with
the lack of change in the percentage of IFN-�-positive CD4� T cells. The reduction in
viable CD8� T cells in peptide-immunized mice potentially correlates with their being
utilized to combat infection. These data confirm that immunization with OmpA59-74,
Asp14113-124, and/or AipA9-21 elicits a CD8� T-cell response.

FIG 4 Pre- and postchallenge sera from mice immunized against adhesin domains inhibit A. phagocy-
tophilum infection of host cells. A. phagocytophilum bacteria were treated with pooled day 0 preimmune
sera (�) or pooled sera collected on day 49 (prechallenge) (A and B) or day 84 (28 days postchallenge)
(C and D) at a 1:5 dilution. Treated bacteria were incubated with HL-60 cells for 1 h. At 24 h, the cells were
examined by immunofluorescence microscopy for the percentage of infected cells (A and C) and number
of ApVs per cell (B and D). Data are presented as the mean � SD of triplicate samples. Statistically
significant values relative to preimmune serum-treated cells are indicated by asterisks without brackets.
Statistically significant values among the five groups are indicated by asterisks with brackets. *P � 0.05;
**P � 0.01; ****P � 0.0001.
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Immunization of mice against Asp14113-124 or AipA9-21 is sufficient to confer
partial protection against A. phagocytophilum infection via blocking antibodies.
Because mice that developed immune responses against both KLH-Asp14113-124 and
KLH-AipA9-21 were recalcitrant to A. phagocytophilum infection, it was examined if
immunization against either individual antigen is sufficient to confer protection. The
immunization experiment was repeated with the same four control groups (designated
1 to 4) plus groups that were injected with either KLH-conjugated Asp14113-124 (group
6) or AipA9-21 (group 7) in alum (Table 1). Immunization against either epitope was
adequate to significantly reduce the A. phagocytophilum burden following challenge,
and the partial protection observed for KLH-Asp14113-124-immunized mice was greater
than that observed for KLH-AipA9-21-immunized mice (Fig. 6). Specifically, maximal
reductions of 6.5-fold and 2.7-fold were observed for the bacterial DNA load on day 12
and the number of infected neutrophils on day 8, respectively, in KLH-Asp14113-124-
immunized mice. For KLH-AipA9-21-immunized mice, the A. phagocytophilum DNA
burden was lowered by as much as 4.5-fold, and the number of infected neutrophils by
as much as 1.9-fold, both of which were observed on day 8. Immunization with
KLH-Asp14113-124 or KLH-AipA9-21 elicited antibodies that specifically recognized their
respective antigen and reduced infection of HL-60 cells by approximately 50% to 55%
(Fig. 7). Unfortunately, due to a technical error, three KLH-AipA9-21-immunized mice
died prior to bacterial challenge. Consequently, mice could not be sacrificed for CD4�

and CD8� splenocyte analyses to allow for assessment of the bacterial load in at least
seven mice per group. Regardless, these data allow for the conclusion that the Asp14
and AipA binding domains are each important for A. phagocytophilum to establish a
productive infection in mice and validate that both are protective B-cell epitopes.

FIG 5 Immunization of mice against the adhesin domains elicits IFN-�-producing CD8� T cells. Pooled
splenocytes recovered from three mice per group were on day 49 prior to bacterial challenge were
assessed by flow cytometry to calculate the percentage of live CD8� and CD4� T cells (A and C). CD8�

(B) and CD4� T cells (D) from the pooled splenocytes were labeled with cell tracer dye, restimulated with
the unconjugated adhesin domain peptide cocktail for 3 days, and examined for intracellular IFN-�
production by flow cytometry. The mouse group numbers 1 to 5 in each panel are defined as (1) no
immunization or bacterial challenge, (2) no immunization followed by A. phagocytophilum challenge, (3)
injection with alum followed by A. phagocytophilum challenge, (4) injection with KLH and alum followed
by A. phagocytophilum challenge, and (5) injection with KLH-adhesin domain peptide cocktail in alum
followed by A. phagocytophilum challenge. Please note that in panels B and D, splenocytes from
nonimmunized groups 1 and 2 were pooled. Statistically significant values are indicated. *P � 0.05;
**P � 0.01.
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DISCUSSION

As an obligate intracellular bacterium, A. phagocytophilum must invade neutrophils
to survive. Whereas its infectivity for myeloid host cells in vitro is known to rely, at least
in part, on the Asp14113-124, AipA9-21, and OmpA59-74 receptor binding domains (19, 20),
these linear determinants’ relevance to A. phagocytophilum infection in vivo was

FIG 6 Mice immunized against Asp14113-124 or AipA9-21 are resistant to A. phagocytophilum infection. C57BL/6 mice
that had been immunized against KLH-Asp14113-124 or KLH-AipA9-21 or mice of the indicated control groups were
inoculated with A. phagocytophilum DC bacteria. (A) Peripheral blood drawn on the indicated days postinfection
was analyzed by qPCR using gene-specific primers. Relative A. phagocytophilum 16S rRNA genes (aph16S) to murine
�-actin DNA levels were determined using the 2�ΔΔCT method. (B) Peripheral blood samples were also examined
by light microscopy for ApV-containing neutrophils. Each symbol corresponds to the percentage of A.
phagocytophilum-infected neutrophils as determined by examining at least 100 neutrophils per mouse. Data are
the mean � SD of the percentages determined for seven mice per group. Error bars indicate standard deviation
among the samples per time point. Statistically significant values are indicated. *P � 0.05; **P � 0.01;
****P � 0.0001.
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FIG 7 Immunization against Asp14113-124 or AipA9-21 elicits antigen-specific antibodies that inhibit A. phagocytophilum infection of host cells. (A to C)
Immunization against Asp14113-124 or AipA9-21 peptide elicits antigen-specific antibodies. Preimmune sera (white bars) and sera collected on day 49 (black bars)
were added to wells that had been coated with KLH (A), unconjugated Asp14113-124 (B), or AipA9-21 peptide (C). All sera were analyzed in triplicate via ELISA.
To verify that the wells had been coated with each antigen of interest, positive-control wells (�) were screened with rabbit antisera specific for each antigen
(gray bars). Absorbance was read at 405 nm 30 postaddition of chromogenic substrate. The dotted line in each panel indicates twice the absorbance value
obtained using preimmune serum. (D to G) Pre- and postchallenge sera from mice immunized against Asp14113-124 or AipA9-21 inhibit A. phagocytophilum
infection of host cells. A. phagocytophilum DC organisms were treated with pooled day 0 preimmune sera (�) or pooled sera collected on day 49 (prechallenge)
(D and E) or day 84 (28 days postchallenge) (F and G) at a 1:5 dilution. Treated bacteria were incubated with HL-60 cells for 1 h. At 24 h, the cells were examined
by immunofluorescence microscopy for the percentage of infected cells (D and F) and number of ApVs per cell (E and G). Data are presented as the mean �
SD of triplicate samples. Preimmune and experimental groups were normalized to a no-sera control. Statistically significant values relative to preimmune serum
treated cells are indicated. ****, P � 0.0001.
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unknown. This study demonstrates that at least Asp14113-124 and AipA9-21 are critical for
A. phagocytophilum productive infection in mice. Animals immunized against a cocktail
of KLH-conjugated peptides corresponding to the three domains in alum exhibited
significantly reduced A. phagocytophilum 16S rRNA gene loads and infected neutrophils
in peripheral blood compared to controls. The observed reduction in pathogen burden
correlated with the presence of antibodies specific for Asp14113-124 and AipA9-21 but
not OmpA59-74 in sera from KLH-peptide cocktail-immunized mice. KLH-OmpA59-74 fails
to elicit an antibody response when administered in alum but does so when provided
in a Freund’s adjuvant-based immunization protocol (20), which suggests that it is
poorly immunogenic. Indeed, we previously observed that A. phagocytophilum infec-
tion does not yield a strong humoral immune response against full-length OmpA (18).
Also, an evaluation of the efficacy of Anaplasma marginale outer membrane proteins as
potential vaccinogens found its OmpA homolog, AM854, to be a subdominant antigen
(22, 23).

The reduction in bacterial load in adhesin domain peptide cocktail-immunized mice
following challenge with A. phagocytophilum was much greater than that observed
when pooled sera from these mice were assessed for the ability to inhibit infection of
HL-60 cells. The immunization likely elicited additional nonblocking antibody responses
that contributed to controlling the infection in vivo. Opsonization of A. phagocytophi-
lum DCs by Asp14113-124 and AipA9-21 antibodies could have led to their destruction by
complement-mediated killing and/or lysosomal targeting due to Fc receptor (FcR)-
mediated phagocytosis, the latter of which has been observed for antibodies that
protect against other intracellular bacteria (24). Another contributing factor could have
been IFN-� produced by CD8� T cells. IFN-� helps control A. phagocytophilum early in
infection, presumably by promoting macrophage-mediated intracellular killing (25–29).
CD8� T, NK, and NKT cells are functionally impaired in mice experimentally infected
with the bacterium, as all three cell types produce IFN-� when exposed to A.
phagocytophilum-loaded dendritic cells ex vivo, and ionomycin-stimulated CD8� T cells
are defective for degranulation (30, 31). Perhaps the elicitation of IFN-�-producing
CD8� T cells offsets the cytotoxic failure of this cell type that A. phagocytophilum
infection normally induces. A CD4� T-cell response, which is most critical for controlling
granulocytic anaplasmosis (26), was not induced by the immunization.

Immunization against Asp14113-124 or AipA9-21 was sufficient to achieve partial
protection that was comparable to that induced by the peptide cocktail. However, the
reduction in bacterial load in Asp14113-124-immunized mice was significantly greater
than in mice immunized against AipA9-21. These data are consistent with prior obser-
vations that antiserum targeting the Asp14 binding domain more effectively inhibits A.
phagocytophilum infection of host cells than antiserum against the AipA binding
domain (19, 20). Asp14113-124 antibodies presumably block infection in vivo by antag-
onizing interaction of the adhesin’s K122 and E123 with protein disulfide isomerase
(PDI), which is a critical step in cellular invasion (21). In support of this premise, the
inefficiency of A. phagocytophilum to establish productive infections in Asp14113-124-
immunized mice and conditional knockout mice lacking myeloid expression of PDI is
similar (21). Whereas the specific contribution of the interaction between AipA and its
receptor provides to A. phagocytophilum cellular entry is undefined, the current study
and the PDI conditional knockout mouse study (21) together suggest that, relative to
AipA, Asp14 plays a predominant role in A. phagocytophilum infection in vivo. The
results of this mouse study differ from our previous report that demonstrated that
OmpA59-74, Asp14113-124, and AipA9-21 antibodies together synergistically block A.
phagocytophilum infection of host cells in vitro significantly better than any of the
antibodies individually or in pairs (20). This distinction is likely due to the additional
effects of CD8� T cells and opsonization-induced bacterial killing in vivo and/or relative
differences that Asp14 and AipA play during A. phagocytophilum infection in mammals
versus host cells in vitro.

In addition to validating the importance of Asp14 and AipA to A. phagocytophilum
infection in vivo, this study substantiates these adhesins’ binding domains as protective
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antigens. Immunizing against Asp14113-124 and AipA9-21 in alum, an adjuvant that is
approved for human and veterinary vaccines (32), elicits a partially protective immune
response that reduces the A. phagocytophilum load 4- to 5-fold. KLH-conjugated
peptides are not suitable for FDA- or USDA-approved vaccines. However, the data
herein indicate the benefit of including Asp14113-124 and AipA9-21 sequences as part of
a larger protective antigen such as a chimeritope. Chimeritopes are laboratory-
designed recombinant polypeptides that harbor multiple isolated epitopes or critical
functional domains derived from one or more proteins or protein variants. This com-
bined epitope strategy has advantages over the delivery of antigen cocktails in that
regions of natural antigens that are reactogenic or that elicit nonprotective antibody
responses can be excluded. Marconi and colleagues successfully used this method to
develop a Borreliella burgdorferi outer surface protein C-based chimeritope vaccine
antigen for canine Lyme disease (33–38), which is commercially available as Vanguard-
crLyme. Accordingly, development of a chimeritope that minimally includes Asp14113-

124 and AipA9-21 should be considered. Reevaluating OmpA59-74 in this context is
warranted because of its critical role in bacterial docking to the host cell surface and
since presenting this determinant as part of a larger immunogenic polypeptide could
enhance its antigenicity to generate a protective response against all three domains of
interest. Moving forward, as Asp14123-124 and/or AipA9-21 elicit IFN-� and this cytokine
is associated with inflammatory hepatic histopathologic injury in A. phagocytophilum
infections (27, 39–42), it will be prudent to evaluate mice immunized against these
antigens for histopathology. Overall, this report advances understanding of A.
phagocytophilum-host interactions in vivo that are critical for productive infection and
establishes a direction toward the development of a granulocytic anaplasmosis vaccine.

MATERIALS AND METHODS
Cultivation of uninfected and A. phagocytophilum-infected cells, antibodies, and reagents.

Uninfected and A. phagocytophilum str. NCH-1-infected human promyelocytic HL-60 cells (ATCC CCL-240;
American Type Culture Collection [ATCC], Manassas, VA) were cultivated exactly as described (43).
Rabbit-monospecific antisera against KLH-conjugated peptides corresponding to AipA9-21, Asp14113-124,
OmpA23-40, and OmpA59-74 were generated as previously described (19, 20). Unconjugated versions of
the four peptides were generated by New England Peptide (Gardner, MA). Commercial antibodies used
in this study were rabbit anti-hemocyanin (Sigma-Aldrich, St. Louis, MO), Alexa fluorochrome 488-
conjugated goat anti-mouse IgG and goat anti-rabbit IgG (Invitrogen, Waltham, MA), horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG, and anti-rabbit IgG (Cell Signaling Technology,
Danvers, MA).

Mouse studies. All mouse research was conducted under the approval of the Institutional Animal
Care and Use Committee at Virginia Commonwealth University (protocol number AM10220). Immuni-
zation experiments were performed with male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME)
because they exhibit greater susceptibility to A. phagocytophilum infection than female mice (44). Each
experiment used groups of 10 mice that were injected with immunogen or control in a final volume of
200 �l. On day 0, the mice were bled and sera collected as previously described (45). Also on day 0, the
appropriate groups as defined in Table 1 received subcutaneous shoulder injections of adjuvant alone,
KLH plus adjuvant, or KLH-conjugated peptides plus adjuvant. Sterile phosphate-buffered saline (PBS)
was used as a mock inoculum to inject negative-control animals. Mice that received adjuvant only were
injected with alum-based Imject adjuvant (Thermo Fisher). Mice in the KLH plus alum group received
100 �g of KLH (Thermo Fisher Scientific) in Imject. Each mouse that was injected with KLH-conjugated
peptides received 33.3 �g each of KLH-OmpA59-74, KLH-Asp14113-124, and KLH-AipA9-21 or 100 �g of
KLH-Asp14113-124 or KLH-AipA9-21 in Imject. All mice except for the no-immunization controls received
boosts on days 21 and 42. On day 49, blood was collected from the tail vein and sera isolated for indirect
ELISA. Also on day 49, three mice per group were euthanized, their blood collected via cardiac puncture,
and spleens harvested for flow cytometry and T-cell restimulation assays. On day 56, with the exception
of the no-infection controls, all mice were intraperitoneally inoculated with 1 � 108 A. phagocytophilum
DC organisms as previously described (44). Sterile PBS was used as a mock inoculum to inject negative-
control animals. All mice were tail bled on days 4, 8, 12, 16, and 21. On day 28, the mice were euthanized
and blood collected by cardiac puncture. Heparin (Sigma-Aldrich) at 100 U ml�1 was added to blood
samples collected on days 4, 8, 12, 16, 21, and 28 postinfection. The peripheral blood A. phagocytophilum
load was analyzed via qPCR and microscopic examination of blood smears for the presence of infected
neutrophils as previously described (44).

ELISA. Ninety-six-well plates were coated with 500 ng of KLH or unconjugated peptide per well in
carbonate buffer (15 mM sodium carbonate, 24.9 mM sodium bicarbonate, pH 9.6) overnight at 4°C
followed by blocking with 5% nonfat dry milk in PBS with 0.2% Tween 20 (PBST) for 3 h at room
temperature. The plates were then incubated with the appropriate mouse or rabbit serum at a 1:100
dilution in 5% (vol/vol) nonfat dry milk in PBST for 1 h at room temperature, washed three times with
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PBST, incubated with HRP-conjugated anti-mouse or anti-rabbit IgG at a 1:15,000 dilution at room
temperature, and washed again. ABTS [2, 2=-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt] substrate (Sigma-Aldrich, St. Louis, MO) was added at a 1:25,000 dilution in the presence of
citrate buffer (10.4 mM citric acid, pH 4.1) and 30% (vol/vol) hydrogen peroxide (Sigma-Aldrich) for
30 min followed by absorbance reading at 405 nm in an ELx 808 plate reader (Fisher Scientific, Hanover
Park, IL).

qPCR. DNA was isolated from heparin-treated blood with the DNeasy blood and tissue kit (Qiagen,
Germantown, MD). Three DNeasy collections were performed per mouse utilizing 50 �l of blood per
bleed. All three DNA samples per mouse were analyzed by qPCR in triplicate using previously described
thermal cycling conditions (43) and primers specific for A. phagocytophilum 16S rRNA genes and �-actin
(46). Relative 16S rRNA genes levels were normalized to �-actin levels using the cycle threshold (2�ΔΔCT)
(Livak) method (47) CFX Maestro software (Bio-Rad, Hercules, CA).

A. phagocytophilum cellular infection assay. All preimmune sera were pooled and utilized as a
negative control. Five-microliter serum samples from each mouse per group collected on day 49 were
pooled and heat inactivated in a 56°C water bath for 30 min. The same was performed for serum samples
collected on day 84, which corresponds to day 28 postinfection. To assess the ability of each pooled sera
to inhibit A. phagocytophilum infection of host cells, DC bacteria from 1.0 � 106 heavily infected (�90%)
HL-60 cells were prepared as described previously (16) and resuspended in 20 �l of Iscove’s modified
Dulbecco’s medium containing 10% (vol/vol) heat-inactivated fetal bovine serum (Gemini Bio-Products,
Sacramento, CA) for each infection assay. We added 5 �l of pooled sera to each bacterial suspension to
achieve a final 1:5 dilution. Following 1 h of incubation at 37°C, the HL-60 cells were washed and the
synchronous infection allowed to proceed as described (16). At 24 h, aliquots were removed, fixed, and
assessed for infection as previously described (48). To account for minor differences in the percentage
of infected cells among replicates, values for cells that had been treated with sera were divided by those
for untreated cells. The quotient was multiplied by 100 to generate the normalized percentage of
infected cells.

Flow cytometry. Spleens were rubbed between two glass slides to yield single-cell suspensions
followed by removal of red blood cells using ACK lysing buffer (Quality Biological, Gaithersburg, MD).
Splenocytes were stained with fixable Zombie Aqua or Zombie Green (BioLegend, San Diego, CA) per the
manufacturer’s instructions. Samples were then Fc blocked with 2.4G2 (BD Biosciences, San Jose, CA) for
5 min and stained for 30 min on ice. Flow samples that included multiple Brilliant Violet antibodies were
stained in the presence of Brilliant stain buffer (BD Biosciences) per the manufacturer’s instructions. All
cells were then fixed in 4% paraformaldehyde (PFA) fixation buffer (BioLegend) for 15 min at room
temperature. For intracellular cytokine staining, fixed cells were permeabilized with PermWash buffer
(BioLegend) per the manufacturer’s instructions. Flow data were collected using a BD LSRFortessa
running BD FACSDiva 8.0 software, analyzed with FlowJo software version 10.4.2 (FlowJo, Ashland, OR),
and graphed using the Prism 7.0 software package (GraphPad, San Diego, CA, USA) on GraphPad Prism.
Antibodies utilized for flow cytometry studies were anti-mouse CD45 (clone 30 F11) conjugated to
APC/Fire 750 (BioLegend), anti-mouse T-cell receptor beta (TCR�) (clone H57 597) conjugated to Alexa
Fluor 700 or PE (BioLegend), anti-mouse CD4 (clone GK1.5) conjugated to BV711 (BioLegend), anti-mouse
CD8 (clone 53-6.7) conjugated to PE/Dazzle 594 (BioLegend), anti-mouse IFN-� (clone XMG1.2) conju-
gated to Alexa Fluor 647 (BioLegend), and anti-mouse B220 (clone RA3-6B2) conjugated to BUV395 (BD
Biosciences). For ex vivo stimulation, 5 � 106 splenocytes were plated at 1 � 106 cells ml�1 in U-bottom
cell culture plates for peptide restimulation with 5 �g ml�1 of the unconjugated peptide cocktail used
for immunization for 3 days. Prior to plating, cells were labeled with Tag-It Violet (BioLegend). Gating for
cell populations was defined as follows: CD8� T cells (Zombie-CD45� B220� TCR�� CD4� CD8�), CD4�

T cells (Zombie-CD45� B220� TCR�� CD4� CD8�), peptide-restimulated IFN-�� CD8� T cells (Tag-It
VioletlowZombie-CD45� TCR�� CD4� CD8�), peptide-restimulated IFN-�� CD4� T cells (Tag-It
VioletlowZombie-CD45� TCR�� CD4� CD8�).

Statistical analyses. Statistical analyses were performed using the Prism 7.0 software package
(GraphPad, San Diego, CA, USA). Two-way analysis of variance (ANOVA) with Tukey’s post hoc test was
used to test for a significant difference among groups in all experiments except for data generated by
the T-cell restimulation assay, for which a paired Student’s t test was used to test for statistical
significance between paired data. Statistical significance was set at P values of �0.05.
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